The trimeric HIV-1 Envelope protein (Env) mediates viral-host cell fusion via a network of 31 conformational transitions, with allosteric elements in each protomer orchestrating host 32 receptor-induced exposure of the co-receptor binding site and fusion elements. To 33 understand the molecular details of this allostery, we introduced Env mutations aimed to 34 prevent CD4-induced rearrangements in the HIV-1 BG505 Env trimer. Binding analysis 35 performed on the soluble ectodomain BG505 SOSIP Env trimers, cell-surface expressed 36 BG505 full-length trimers and single-molecule Förster Resonance Energy Transfer 37 (smFRET) performed on the full-length virion-bound Env confirmed that these mutations 38 prevented CD4-induced transitions of the HIV-1 Env. Structural analysis by single-39 particle cryo-electron microscopy performed on the BG505 SOSIP mutant Env proteins 40 revealed rearrangements in the gp120 topological layer contacts with gp41. Specifically, 41 a conserved tryptophan at position 571 (W571) was displaced from its typical pocket at 42 the interface of gp120 topological layers 1 and 2 by lysine 567, disrupting key gp120-43 gp41 contacts and rendering the Env insensitive to CD4 binding. Vector based analysis 44 of closed Env SOSIP structures revealed the newly designed trimers exhibited a 45 quaternary structure distinct from that typical of SOSIPs and residing near a cluster of 46 Env trimers bound to vaccine-induced fusion peptide-directed antibodies (vFP Mabs).
Introduction
series mutant Vt-8 as candidates for replicating the effects of the BMS-626529 compound. Each
We next examined the antigenicity of key bnAb epitope specificities for the redesigned 182 SOSIPs via BLI using VRC01, PGT121, PG9, PGT145, PGT151, and VRC26 bnAbs, having 183 CD4 binding site, glycan-V3, glycan-V1/V2, trimer apex, gp120/gp41 interface, and V1/V2 184 epitope specificities, respectively ( Figure 1E ). VRC01 binding indicated a ~2-fold enhanced 185 affinity for both Vt8 and F14/Vt8 relative to the BG505 SOSIP ( Figure 1E , Supplementary Table   186 3, Supplementary Figure 3A) . Fitting of the dose response curves for PGT121, PG9, PGT145, 187 PGT151, and VRC26 indicated the mutations did not alter the affinity of the trimer for these 188 important bnAb epitope specificities with nominal fold changes on the order of 1.0-1.3 ( Figure   189 1E, Supplementary Table 3 , Supplementary Figure 3A ). These results indicated that the mutant 190 designs presented a native, well-folded SOSIP trimer configuration and effectively presented 191 multiple bnAb epitope specificities.
192
We next asked whether these mutations altered sCD4 binding. We determined the 193 apparent affinity of each mutant construct and BG505 SOSIP for sCD4 via surface plasmon 194 resonance (SPR). The affinities to CD4 determined for the F14 and Vt8 mutant SOSIPs 195 matched that of BG505 SOSIP closely with KDs of 73.0 nM ± 26.2 nM, 83.9 nM ± 12.6 nM, and 196 67.9 nM ± 26.4 nM, respectively ( Figure 1E , Supplementary Table 2 , Supplementary Figure 3B ).
197
The BG505 F14/Vt8 SOSIP construct displayed a ~4-fold enhanced CD4 affinity compared to 198 BG505 SOSIP with a KD of 15.6 nM ± 0.4 nM primarily as a result of an enhanced association 199 rate ( Figure 1E , Supplementary Table 2 , Supplementary Figure 3B ). As each construct bound 200 CD4, we next asked whether sCD4 triggering was inhibited by the F14, Vt8, and F14/Vt8 201 mutations relative to the BG505 SOSIP. The CD4i antibody 17B and V3-targeting antibody 19B 202 were used to monitor triggering of the coreceptor binding site and V3 exposed states, Figure 3C ). Importantly, the combined F14/Vt8 construct eliminated CD4-208 induced exposure of both epitopes ( Figure 1E, Supplementary Figure 3C ). We also tested 209 binding of the BG505 and mutant SOSIP Envs, in the presence and absence of sCD4, to a 210 larger panel of V3 targeting MAbs, including 3074 , 447-52D , and F39F . The results were 211 consistent with those observed for 19B binding demonstrating triggering of BG505 SOSIP, 212 reduced triggering of the F14 and Vt8 mutants, and little to no triggering of the F14/Vt8 mutant 213 (Supplementary Figure 3F ). To further validate these results, we measured 17B and PGT145 214 binding after incubation of BG505 and mutant SOSIP trimers with sCD4 for 30 minutes and 20 215 hours. The BG505 SOSIP displayed increased 17B binding after the 30-minute incubation with 216 a further increase after 20 hours of incubation (Supplementary Figure 3D ). The mutant Env 217 SOSIPs were, however, little changed (Supplementary Figure 3D ). Though the 30-minute 218 incubation of BG505 with sCD4 had no effect on PGT145 binding, a marked reduction in binding 219 was observed after 20 hours (Supplementary Figure 3E ). This reduction was not observed in 220 the mutant SOSIP Envs (Supplementary Figure 3E ). Together, these results indicated that, 221 while CD4 binding is retained, the mutant SOSIP Envs are not triggerable.
223

Thermal Stability of F14 and F14/Vt8 SOSIPs
224
To assess the thermal stability of the F14, Vt8 and F14/Vt8 SOSIP trimers, and to 225 compare them with BG505 SOSIP, we determined thermal denaturation maxima (Tmax) using 226 differential scanning calorimetry (DSC), which showed that that the F14 mutations did not alter 
232
Cryo-EM structures of the BG505 F14 and F14/Vt8 SOSIPs.
To understand the structural basis for the observed lack of CD4-induced conformational 234 rearrangements, we determined structures of the F14 SOSIP trimer in complex with VRC01 235 ( Figure 3A ) and the F14/Vt8 SOSIP trimer in complex with VRC03 and 10-1074 ( Figure 3B 250 displaced W571 from the layer-1/layer-2 pocket that was formed by residues F43, C54, W69, 251 T71, A73, C74, D107, L111, and T217 ( Figure 4A and D). In the F14/Vt8 structure, this 252 restructuring was associated with a rearrangement in layer-1 that reoriented residues H66 and 253 H72 resulting in the formation of a potentially water mediated histidine triad configuration with 254 gp41 HR1 H565 ( Figure 4B , C, D). Interestingly, the F14 map displayed layer-1 loop densities 255 suggestive of multistate behavior. Specifically, density corresponding to H66 and H72 in a 256 configuration similar to that of the F14/Vt8 structure appeared alongside additional distinct 257 densities, which may correspond to differing H72 sidechain configurations (Supplementary 258 Figure 5 ). This suggested that the addition of the Vt8 mutations in the F14/Vt8 construct further stabilized the topological layer region facilitating the observed reduction in sCD4 triggering.
260
Together, these results showed that structural changes in the region of gp120 contact with the 261 C-terminal portion of gp41 HR1 caused by the F14 mutations effectively decoupled key 262 allosteric control elements in the HIV-1 Env SOSIP trimer.
264
Comparison of F14 and F14/Vt8 to Previously Determined Env Trimer Structures
265
To understand the effect of the F14 and F14/Vt8 mutations on the overall structure of the 266 SOSIP Env trimers, we examined regions of the structures distant from the F14 mutations. The 267 individual domain coordinates of the mutant SOSIP trimer domains were found to be largely 268 unperturbed indicating that the effects of the F14 and Vt8 mutations were localized. The gp120 269 domains within the Env Trimer are capable of rigid body movement relative to one another and 270 to the gp41 three-helix bundle. 36 We therefore devised a set of reference positions in gp120 and 271 gp41 capable of describing structural rearrangements associated with rigid body movement in Figure 5D ). The dihedral angles calculated from the structures of the closed Env trimers Table 5 ). 38 This finding indicated that the changes observed in the layer1/2 contact region with 322 gp41 indeed altered the overall orientation of gp120 relative to gp41, and showed that these 323 changes were structurally similar to those induced by fusion peptide-directed antibodies. We 
348
In the assay using cell surface Env gp160s, BG505, a previously engineered BG505 349 stabilized design termed BG505 DS 25 , and BG505 F14/Vt8, BG505 F14, and BG505 Vt8 were 350 first tested for binding to bnAbs N6, CH01, PGT125, and PGT145 targeting CD4bs, V1/V2, Figure 8B and C, Supplementary Table 7 ). Supplementary Table 6 ).
374
On incubating the cells with either sCD4 or eCD4-Ig, distinct increases in both the 17B and 19B 375 percentage of positive cells were observed for BG505 gp160, as expected ( Figure 6B ,
376
Supplementary Figure 8D and E, Supplementary Table 6 ). Conversely, binding to these CD4- Figure 8F and G, Supplementary Table 6 ). Additionally, both 17B and 19B 382 epitope exposure was observed in the presence of eCD4-Ig (Supplementary Figure 8F and G, 383 Supplementary Table 7 ). These results showed that the F14, Vt8, and F14/Vt8 mutations 384 allowed presentation of key bnAb epitopes and that the combined F14/Vt8 mutations were 385 necessary for the minimization of intrinsic non-bnAb epitope exposure and the prevention of Supplementary Table 7 ). Unlike the 404 BG505 Env, however, the F14/Vt8 Env did not respond to addition of dodecameric CD4, 405 displaying the same relative distribution of the three FRET states in the presence of CD4 as 406 were seen in the absence of CD4, and consistent with the observed resistance to CD4-induced 407 changes in the BG505 F14/Vt8 SOSIP Env ( Figure 6C and D, Supplementary Table 7 ).
408
Together, results for the cell and viral membrane associated gp160 Env F14/Vt8 mutant trimer 
417
closed conformation of the HIV-1 Env is of interest for vaccine design since it presents the 418 epitopes for broadly neutralizing antibodies, and the expectation is that effective presentation of 419 the native, closed conformation of the Env by vaccination is essential to elicit broadly 420 neutralizing antibodies. Indeed, many studies have succeeded in stabilizing the closed 421 conformation of the HIV-1 Env both in the soluble Env format, as well on the cell surface, with 422 varying levels of success in eliciting autologous and heterologous neutralization. 10-21
423
In this study we combined structural and mechanistic information to construct a mutant 424 Env that is no longer responsive to triggering by the CD4 receptor. Two strategies were 425 employed, each aimed at shifting the equilibrium of Env dynamics towards its closed state. The 426 first strategy that led to the F14 series of mutations identified the conserved W571 as a 427 conformational switch and effectively disabled a communication network that relied on the 428 movement of topological layers 1 and 2 to transmit structural changes from the CD4 binding 429 site. The second path aimed to prevent V3 exposure via mutation of buried hydrophilic to 430 hydrophobic residues in order to prevent the infiltration of water into the space between V3 and 431 V1/V2. This second strategy was similar to recent stabilization strategies also aimed at 432 preventing V3 exposure that yielded similar results. 10,13,17 Comparison of the F14 and Vt8 433 designs with previous stabilization strategies via the vector-based analysis ( Figure 5D and E) 434 revealed that most stabilized SOSIP structures, with the exception of those bound to fusion 435 peptide-directed antibodies and the RC1 structures, resided in two dominant closed state 436 clusters ( Figure 5E ; Supplementary Table 5 ). Interestingly, unlike previous stabilization 437 strategies that either reduce or prevent CD4 binding 12,13,17,44 , the F14/Vt8 trimer retained 438 interaction with CD4 while still preventing CD4-induced exposure of open state epitopes.
Together, the findings presented here indicated close coupling of sCD4 induced internal 440 rearrangements in gp120 and the N-terminal portion of the gp41 three-helix bundle.
441
While the F14 and Vt8 designs were made and tested in the context of the soluble 442 SOSIP Env, the observed effects translated to the Env on the native virion surface, suggesting 443 that despite potential differences between the native Env and the engineered SOSIPs, an 444 allosteric network that was common to both formats was disabled by the mutations. 45 Indeed, 445 the structure of a PGT151-bound full length Env trimer that was purified by detergent 446 solubilization of cell surface expressed gp160 demonstrated contacts between the topological 447 layers of gp120 and the gp41 three-helix bundle consistent with the conclusion that the 448 mutations were targeting an allosteric network common to both the native Env and engineered 449 SOSIPs. 46 Recent structures of the full length, detergent-solubilized gp160 SOSIP trimers in 450 complex with PGT145 or PG16 showed a similar overall structure of the SOSIP Env, and also 451 showed similar gp120 topological layer contacts with the gp41 3-helix bundle 47,48 , lending further 452 support for the generality of these contacts and the proposed mechanism of Env allostery.
453
Based on these results, we propose a sequential mechanism by which the HIV- 
485
Antibodies and antibody Fabs were produced as described previously. 57 BG505 N332 486 SOSIP gp140 envelopes were expressed as previously described with minor modifications. 58
487
Envelope production was performed with Freestyle293 cells (Invitrogen). On the day of Cryo-EM image quality was monitored on-the-fly during data collection using automated 569 processing routines. Initial data processing was performed within cryoSPARC 35 including 570 particle picking, multiple rounds of 2D classification, ab initio reconstruction, homogeneous map 571 refinement and non-uniform map refinement, yielding 3.5 Å and 3.7 Å maps for the BG505-F14-572 SOSIP and the BG505-F14/Vt8-SOSIP complexes, respectively. Further processing was done 573 outside of cryoSPARC as described next. Movie frame alignment was carried out using 574 UNBLUR 59 , and CTF determination using CTFFIND4 60 . Particles were picked automatically 575 using a Gaussian disk of 90 Å in radius as the search template. For the BG505-F14-SOSIP 576 dataset, 1,518,046 particles were picked from 2,350 micrographs, extracted using a binning 577 factor of 2 and subjected to 8 rounds of refinement in cisTEM 61 , using an ab-initio model 578 generated with cryoSPARC 35 . The distribution of scores assigned to each particle by cisTEM 579 showed a clear bi-modal distribution and only particles in the group containing the higher scores 580 were selected for further processing (Supplementary Figure 4) . This subset of 77,632 particles 581 was re-extracted without binning and subjected to 10 rounds of local refinement followed by 5 582 additional rounds using a shape mask generated with EMAN2 62 . Per-particle CTF refinement 583 was then conducted until no further improvement in the FSC curve was observed. At this point, 584 particle frames were re-extracted from the raw data and subjected to per-particle motion 585 correction using all movie frames and applying a data-driven dose weighting scheme as 586 described previously. 63 The per-particle refinement procedure was iterated two additional times 587 using the newly generated map as a reference and at that point no further improvement was 588 observed. The resolution of the final map was 3.0 Å measured according to the 0.143-cutoff 589 FSC criteria. A b-factor of -120 Å 2 was applied to the reconstruction for purposes of 590 visualization. For the BG505-F14/Vt8-SOSIP dataset, 869,323 particles were picked from 2,060 591 micrographs, and a subset of 84,378 particles was used for further local refinement using a 592 similar strategy as that used to process the BG505-F14-SOSIP dataset. The estimated 593 resolution for the final map in this case was 2.9 Å according to the 0.143-cutoff FSC criteria. protocatechuic-3,4-dioxygenase. In the case of ligands binding experiments, fluorescently 672 labeled wild-type or F14Vt8 mutant virus Env was pre-incubated with 10 μg/ml sCD4D1D2-673 Igαtp (12xCD4) for 30 min at room temperature before imaging. Layer-1, Layer-2, V1/V2, V3, gp41, Β20-β21, gp120 inner/outer domains 
